Introduction
Preterm birth, delivery before 37 weeks gestation, is a major obstetric and global health problem. It is the largest direct cause of mortality in infants aged < 5 years and associated with serious morbidity in the surviving infants [1, 2] . Worldwide, 15 million babies are born prematurely, representing a preterm birth rate of 11.1% [3] . Advances in neonatology over the last few decades have resulted in increased survival rates, particularly among extremely premature infants, but this also has been associated with a subsequent increase in morbidity. This is represented in the 2015 Global Burden of Disease study, where preterm birth is ranked fifth in the leading causes of disease burden over time [4] . Preterm birth can be either spontaneous or iatrogenic, with ∼75% occurring spontaneously [5] . The pathogenesis of spontaneous preterm birth remains poorly understood and accumulating evidence suggests that it is a complex syndrome in which there are multiple attributable causes [6] .
Predictive tests for preterm birth are incredibly important, given the huge personal, economic, and health impacts of preterm birth. These tests may provide reassurance for women who are unlikely to deliver early, but they are also important for highlighting those women at higher risk of premature delivery so that we can offer interventions in high-risk asymptomatic women, such as progesterone or cervical cerclage, or immediate treatments in symptomatic women including tocolysis, antenatal corticosteroids, in-utero transfer to tertiary centres, and magnesium sulphate for neuroprotection.
Several predictive tests are currently being marketed for preterm birth. The clinical utility of these tests in prediction is often very confusing as studies are often conflicting and dependent on the population studied. This review explores both the current predictive tests used in clinical practice, as well as novel emerging tests, and discusses the clinical utility of these tests in relation to the different groups of women at risk of preterm delivery.
Singleton pregnancies: asymptomatic high-risk women
The strongest predictor of preterm birth is a previous preterm birth or late miscarriage; these are associated with a 32% chance of a recurrent preterm birth [7] . Women with a previous preterm birth or late miscarriage, as well as those who have had previous cervical excisional surgery, are generally included in this group of asymptomatic women deemed to be at high risk of preterm birth.
Ultrasound

Cervical length measurement
Transvaginal sonographic assessment of the cervix has long been used as an effective tool for predicting preterm birth. A recent systematic review of clinical guidelines for preterm birth prevention has shown a consensus globally for cervical length screening among highrisk women [8] . A mid-trimester cervical length of 25 mm is generally considered to be short as it corresponds to the 10th percentile in this https://doi.org/10.1016/j.siny.2018.09.006 gestational age group [9] . However, it is also clear that there is a continuum of risk related to cervical length, and research analysis around fixed thresholds should not limit its clinical utility. The shorter the cervix, the higher the risk, and this risk is not linear. Even a long cervix, > 40 mm, in the mid-trimester is associated with higher rates of labour dystocia and subsequent caesarean section in labour at term [10] . A short mid-trimester cervix is one of the strongest risk factors for a spontaneous preterm birth [9, 11] . A prospective blinded observational study showed that the finding of a short mid-trimester cervix in women, with a history of previous preterm birth, conferred a relative risk for spontaneous preterm birth of 3.3 [9] . In addition, serial cervical length screening up until 24 weeks gestation significantly improved prediction of preterm birth compared with an isolated cervical length measurement.
The cervical length physiologically shortens with increasing gestation and so the earlier the gestation that a short cervical length is determined, the increased likelihood of a subsequent preterm birth [12] . Unfortunately, meta-analyses of cervical length screening are limited by the variety of gestational ages at which screening was performed, the different cervical length cut-offs (ranging from 15 to 30 mm) and the defined gestational age groups of preterm birth evaluated [13] . Furthermore, cervical length screening is dependent on a trained operator, with evidence that > 25% of images may not meet standard requirements [14] . There is also conflicting evidence over the most beneficial time for cervical length measurements [15] , although serial cervical length screening, as discussed above, and rate of change appear to add additional predictive value [16] .
Universal cervical length screening has been implemented by some individual practitioners, although the debate remains over its clinical utility and cost-effectiveness in the low risk population [17] [18] [19] [20] and this is reflected in the recent systematic review of preterm birth clinical guidelines where the international consensus deemed universal screening ineffective [8] .
The addition of cervical length measurement to biochemical testing appears to enhance predictive accuracy and is likely to represent the best method for preterm birth prediction in this group of women in the future [21] .
Additional ultrasound parameters
The sonographic presence of dense hyperechogenic matter in the amniotic fluid close to the internal os is known as amniotic fluid sludge. Amniotic fluid sludge has been found to be an independent predictor of preterm birth in asymptomatic women [22, 23] , and the combination of a short cervix and sludge confers improved prediction for preterm delivery at < 28 weeks gestation (OR: 14.8; compared with OR: 9.9 for sludge alone) [24] .
In recent years, there has been interest in developing new techniques to assess changes in the cervix that could help to improve prediction of preterm delivery in asymptomatic high-risk women. The cervical consistency index, determined using antero-posterior diameter measurements of the cervix with and without cervical pressure, has been shown to be a predictor at least comparable to cervical length for preterm birth, although external validation and larger sample sizes need to be considered to further assess clinical utility [25] .
Biomarkers
Fetal fibronectin
Fetal fibronectin (fFN) is an extracellular matrix glycoprotein found between the chorion and decidua. It is normally detectable in the cervico-vaginal fluid in pregnancy before the fusion of the decidua and fetal membranes and becomes undetectable from 18 weeks gestation. Thereafter, release into the cervico-vaginal fluid is by presumed inflammatory or mechanical disruption to the chorio-decidual interface and is associated with an increased risk of preterm birth.
Fetal fibronectin is increasingly used in Europe and North America as a prediction test in asymptomatic high-risk women, as well as in women presenting with symptoms of threatened preterm labour. It was initially used as a qualitative test, in which results of 50 ng/mL are classified as positive, with its main benefit being its high negative predictive value [26] , although this is related to low prevalence and sensitivity is < 90%. Quantitative fFN, the measure of absolute concentration of fFN, has been demonstrated to improve prediction compared with the qualitative test in this cohort of asymptomatic women. The EQUIPP study (Evaluation of a Quantitative Instrument for the Prediction of Preterm Birth) was the first prospective study to show the enhanced value of quantitative testing. For asymptomatic high-risk women, the use of multiple fetal fibronectin thresholds (10, 50, 200 and 500 ng/mL) increased the positive predictive value for preterm birth [27] . fFN testing alongside cervical length measurements has been shown to improve predictive accuracy and risk stratification among high-risk asymptomatic women. In the EQUIPP cohort, a combination of fetal fibronectin and cervical length was superior to fFN testing alone and quantitative fFN helped to discriminate risk in women with a short cervical length [21, 27] .
Inflammatory markers and cytokines
Preterm birth is strongly associated with inflammation and infection, and so considerable attention has been placed on determining alternative biomarkers that could identify the early inflammatory process occurring in asymptomatic women [28] . Interleukin (IL)-6, which is commonly linked to the prematurity-associated fetal inflammatory response syndrome, has been found to be increased in mid-trimester cervical secretions of asymptomatic women who deliver preterm birth [29] . In support of this, recent data has shown that the pro-inflammatory cytokines IL-1B and RANTES (Regulated on Activation, Normal T Expressed and Secreted), in mid-trimester cervico-vaginal fluid, correlate with quantitative fetal fibronectin levels and remain raised in women who subsequently deliver prematurely [30] . Although promising, these tests would need validation in larger studies and the development of point-of-care rapid assay kits for them to be useful clinically.
The -omes
The association between the vaginal microbiome and the risk of preterm delivery has gained huge interest in recent years and may help to predict delivery in high-risk asymptomatic women [31] . However, due to the high cost and labour-intensive nature of bacterial 16S DNA sequencing techniques, translating these associations into a clinically relevant predictive test is still in the development stage. Other promising tests include the detection of specific vaginal metabolome and micro-RNA signatures as predictors of preterm birth [32, 33] .
Singleton pregnancies: symptomatic women in threatened preterm labour
It is unlikely that one predictive test will predict all cases of spontaneous preterm delivery. The optimal tests to predict delivery in women presenting in threatened preterm labour are likely to be different from those described above for asymptomatic high-risk women. The benefits of predicting delivery within seven days in this group allow for appropriate hospital admission, in-utero transfer and antenatal management including tocolysis, antenatal corticosteroids, and magnesium sulphate.
Ultrasound
Cervical length measurement
In the UK, the National Institute for Health and Care Excellence guidelines on Preterm Birth management advises that cervical length measurements are performed in women presenting with symptoms of threatened preterm labour beyond 30 weeks gestation. Their recommendations, based on reviewing 15 studies, advise that if the cervical length is below 15 mm, admission and antenatal treatment should be commenced as above. This is based on moderately useful positive and negative predictive values of delivery within 48 h with a cervical length of < 15 mm [34] . This also illustrates how different thresholds are used for different indications.
A recent systematic review and meta-analysis of RCTs using individual patient-level data concluded that knowledge of the cervical length in symptomatic women was associated with a significant reduction in preterm birth before 37 weeks (RR: 0.64; 95% CI: 0.44-0.94) [35] . However, the other outcomes, including delivery before 28 weeks gestation and time from testing to delivery, were not different. The biological plausibility of these findings is unknown, but knowledge of delivery risk is primarily used to inform management options unrelated to preventing preterm birth but to improve neonatal outcomes. Cervical length therefore remains valuable. Indeed, prolonging pregnancy in threatened preterm labour may be harmful if there is subclinical infection, freequently associated with preterm labour at earlier gestations.
Biomarkers
Fetal fibronectin
The qualitative fFN test has traditionally been used as a test for detecting imminent delivery in women with threatened preterm labour. The greatest value of this qualitative test lies in its high negative predictive values, and so it can be a useful test in reassuring women with a negative result [36] .
Quantitative fFN has largely superseded the qualitative test as a predictor of imminent delivery, allowing clinicians to use different thresholds to define risk. A prospective cohort study of 300 women in threatened preterm labour showed that fFN concentration correlated with risk of preterm delivery [37] . For fFN levels < 10 ng/mL, there was a negative predictive value of 98.2% for delivery before 34 weeks, whereas levels > 200 ng/mL were associated with a positive predictive value of 37% for delivery before 34 weeks. The additional risk stratification of quantitative fFN may help to guide clinicians on identifying women requiring intervention and admission. The QUiPP app, a clinical prediction tool for spontaneous preterm birth, which defines a percentage risk of preterm birth based on gestation, obstetric history and quantitative fetal fibronectin, has been shown to accurately guide management at certain risk thresholds to avoid unnecessary intervention in low-risk women [38] . The advantage of the app is that it combines clinical history and interrogates risk across the whole range of fibronectin and cervical length.
The addition of cervical length measurements to quantitative fFN levels has been investigated in several studies and is likely to add value for the prediction of preterm delivery [36, 39, 40] . In addition, a recent economic evaluation has shown cost savings when cervical lengths between 15 and 30 mm are combined with fFN in symptomatic women [41] .
Phosphorylated insulin-like growth factor binding protein-1 (PIGFBP-1)
PIGFBP-1 is synthesised in placental decidual cells and is thought to be released into the cervico-vaginal fluid when contractions occur as a result of damage at the chorio-decidual junction [42] . A systematic review studying data from 43 studies showed that the test has predictive ability for preterm birth, with a pooled sensitivity and specificity of 67% and 77% for delivery within seven days of testing, but it may have some role in identifying women at low risk of delivering within 48 h [43] . Recent prospective observational studies have shown high negative predictive values, but poor positive predictive values, supporting its use as a helpful "rule-out test" [44] . There are plans to develop a quantitative version of this test, potentially improving its clinical utility.
A large prospective cohort study has shown no improvement in the predictive accuracy of PIGFBP-1 when used in combination with cervical length [45] . However, post-hoc analysis of frozen samples from a large cohort in the Netherlands showed that this test, in combination with cervical length, is comparable to fetal fibronectin and cervical length for the prediction of preterm delivery within seven days [39] .
Placental alpha-macroglobulin-1
Placental alpha-macroglobulin-1 (PAMG-1) is a glycoprotein synthesised in the decidua and found in high concentrations in the amniotic fluid. This test was originally developed as a predictive test for rupture of the membranes; however, recent data have shown that it may be useful in predicting labour in symptomatic women with intact membranes [46] . The data are conflicting regarding PAMG-1's predictive accuracy but it has efficacy comparable at least to qualitative fetal fibronectin [46, 47] . One study has shown PAMG-1 to have a higher positive predictive value than fFN for predicting preterm labour [46] . These studies also highlight the rarity of preterm birth in women presenting with symptoms of threatened preterm labour, emphasising the need for much larger studies [46, 48] .
Cervical acetate levels
Cervico-vaginal acetate levels have recently been shown to be useful in predicting preterm delivery in symptomatic women [49] . Acetate is produced in large amounts in female vaginal microbiota dominated by mixed anaerobes. An association between lactobacillus depletion and vaginal dysbiosis leading to poor pregnancy outcomes, such as preterm birth and late miscarriage, has long been reported [50] . Although the use of this metabolic marker is still in the development stages, it has been validated in a commercially available enzyme-based spectrophotometric assay kit and so may be have a future role as a clinically relevant biomarker, in combination with cervical length and fFN [49] .
Multiple pregnancies
This risk of prematurity associated with multiple pregnancy is significantly higher than that in singletons and occurs in > 50% of such cases. Although iatrogenic preterm delivery is increased in higher-order pregnancies due to an increased prevalence of complications such as pre-eclampsia, fetal growth restriction and multiple-pregnancy-specific conditions such as twin-twin transfusion syndrome, spontaneous preterm birth is also more prevalent. It has been purported that the mechanisms responsible for this are disparate from those associated with preterm birth in singleton pregnancies and may include the effects of additional uterine distension [28] , increased secretion of mediators such as corticotrophin-releasing hormone from the larger placental mass, and increased levels of factors produced by the maturing fetal lung such as surfactant protein A, which stimulates myometrial contractility [51] . Currently the standard treatment modalities used in singleton pregnancies have been considered to be less efficacious in multiple pregnancy, but recent literature has indicated that screening may accurately predict women at high risk of preterm birth. This is of particular relevance given the increased neonatal planning required for twins and higher-order multiple births.
As mentioned above, a previous preterm delivery is the most significant risk factor for preterm birth in singleton pregnancies, and women with a current multiple pregnancy and a previous history of PTB are more likely to deliver preterm [52] . However, there is currently paucity in the literature regarding the association between additional risk factors, such as previous cervical procedures and uterine abnormalities, and spontaneous preterm birth in multiple pregnancies.
Multiple pregnancies: asymptomatic women
Ultrasound
Cervical length measurement
Two meta-analyses have identified an association between a short cervix in asymptomatic women with multiple pregnancies and an increased risk of preterm birth. Conde-Agudelo et al. evaluated 16 studies assessing the measurement of cervical length using transvaginal ultrasound at 20-24 weeks gestation for the prediction of preterm birth in twin pregnancies [53] . A cervical length < 20 mm predicted preterm birth at < 32 and < 34 weeks (pooled sensitivities, specificities and positive and negative likelihood ratios of 39% and 29%, 96% and 97%, 10.1 and 9.0 and 0.64 and 0.74 respectively) and < 25 mm predicted preterm birth at < 28 weeks (pooled positive likelihood ratio of 9.6). However, this meta-analysis also revealed that a cervical length > 25 mm had less value as a negative predictive tool as the likelihood ratios generated only minimal changes in the pre-test probabilities of preterm birth [54] . Lim et al. evaluated 21 studies: gestational age at screening ranged from 15 to 32 weeks, sensitivity and specificity for preterm birth before 34 weeks were 78% and 66% respectively for 35 mm, 41% and 87% for 30 mm, 36% and 94% for 25 mm, and 30% and 94% for 20 mm [55] .
Melamed et al. assessed the change in cervical length over a series of time-points. In all, 441 asymptomatic women with twin pregnancies underwent transvaginal ultrasound assessment of cervical length at four time-points between 18 and 32 weeks gestation. A short cervix (< 10th percentile) was associated with preterm birth at < 32 weeks gestation in each of the four time-points assessed. A stepwise algorithm integrating serial cervical length measurements from all four time-points resulted in a significant increase in the area under the receiver operating characteristic (ROC) curve (0.917 vs 0.613; P < 0.001) [56] . This group also found that the pattern of cervical shortening correlated with prediction of preterm birth: early shortening was associated with the highest prediction of preterm birth [57] .
Findings of progressive cervical shortening correlating with preterm birth were also supported by Moroz et al. They assessed 527 women with twin pregnancies who had undergone serial cervical measurements between 18 and 22 weeks gestation, finding that the rate of change in cervical length was associated with preterm birth < 35 weeks gestation (−0.21 cm/week (SD: 0.27) vs −0.1 cm/week (SD 2.4) for women who delivered > 35 weeks. The change in cervical length was similarly predictive of spontaneous preterm birth irrespective of whether the initial length was short as defined by the ROC analysis in this cohort [58] .
The timing of ultrasound scans has been shown to be relevant. An individual patient-level meta-analysis assessing the effect of gestational age and cervical length measurements using transvaginal ultrasound in the prediction of preterm birth in twin pregnancies found that the optimal prediction of birth ≤28 weeks was enabled by screening at ≤18 weeks (P < 0.001), whereas the best prediction of birth between 28 and 36 weeks was enabled by screening at ≥24 weeks (P < 0.001) [59] . Negative predictive value of 100% for birth at ≤28 weeks was achieved at 65 mm at ≤18 weeks, and 43 mm at 22-24 weeks, respectively.
Additional ultrasound parameters
Other ultrasound parameters have been assessed as predictors for asymptomatic women with multiple pregnancies. Cervical funnelling has been found to be associated with an increased risk of preterm delivery < 35 weeks detected prior to 24 weeks gestation [60] , and the presence of amniotic fluid sludge in the presence of a short cervix has also been found to correlate with extreme prematurity [61] .
Biomarkers
Fetal fibronectin
A meta-analysis conducted in 2010 of 11 studies evaluating fFN suggested only minimal predictive value for its use in asymptomatic twin pregnancies: the pooled sensitivities, specificities and positive and negative likelihood ratios for predicting preterm birth before 32, 34 and 37 weeks ranged from 33% to 45%, 80%-94%, 2.0 to 5.5 and 0.68 to 0.76 [54] . These findings were confirmed by a 2018 meta-analysis which incorporated five studies assessing asymptomatic women with multiple pregnancies (n = 1427). The accuracy of fFN was found to be inconclusive: none of the studies used a reference standard defined as birth before 37 weeks; most defined preterm birth in the context of a delivery before 32 weeks and two studies evaluated triplet pregnancies -therefore the data were heterogeneous [62] .
It has been shown that the combination of cervical length and fFN may be useful in predicting women at high risk of preterm birth. One study found that in asymptomatic women with a short cervix ≤25 mm at 22-28 weeks, and positive fFN, there was a strong association with preterm delivery < 32 weeks gestation (46.2 versus 12.6%; aOR: 3.54; 95% CI: 1.26-9.92) and the mean gestational age at delivery was significantly earlier (31.1 versus 35.2; P < 0.001) [63] . Fox et al. also found that a combination of positive fibronectin result 22-32 weeks gestation and a cervical length < 20 mm in twin pregnancies had a higher positive predictive value of preterm delivery at all gestational ages (< 37, < 34, < 32, < 30 and < 28 weeks) than either positive test alone [64] . This finding also applied to a series of 39 women with triplet pregnancies [65] .
Spiegelman et al. assessed the independent association of cervical length, fetal fibronectin amniotic fluid sludge, and cervical funnelling with spontaneous preterm birth in twin pregnancies [66] . They retrospectively assessed ultrasound images from 22 to 26 weeks gestation for the presence of a short cervix (defined as < 25 mm), cervical funnelling, and fibronectin from 635 twin pregnancies, finding the presence of sludge, a positive fetal fibronectin, and short cervix correlated with birth < 35 weeks gestation.
6. Multiple pregnancies: symptomatic women in threatened preterm labour
Ultrasound parameters
The use of cervical length measurement as a predictive tool in symptomatic twin pregnancies for preterm birth has been shown to be of limited value. The meta-analysis by Conde-Agudelo assessed five studies in symptomatic twin pregnancies (n = 310), finding that the predictive accuracy of cervical length was low [53] .
The presence of cervical funnelling was also found to have little predictive value in symptomatic women with twin pregnancies [67] .
Biomarkers
Fetal fibronectin (fFN) has also been shown to be beneficial in predicting preterm delivery in symptomatic women with multiple pregnancies. A meta-analysis of four studies of such women showed it to have a pooled sensitivity, specificity and positive and negative likelihood ratios of 85%, 78% 3.9 and 0.2, respectively [54] . In a study of 40 women with multiple pregnancies, with symptoms of preterm labour presenting between 24 and 33 +6 weeks gestation, patients were assessed with both fFN testing and cervical length assessment. The cervical length was not found to be predictive of PTB but fFN had a sensitivity of 66.7%, specificity of 97.2%, a positive predictive value of 66.7% and negative predictive value of 97.2% of delivery within seven days. Combined cervical length and fFN did not improve prediction [68] .
Conclusions
Accurate prediction of the risk of preterm birth among asymptomatic high-risk women and those who are symptomatic with threatened preterm labour will allow us to target interventions and give treatment to those most likely to benefit. Unfortunately, there is no "one-size fits all" test for predicting preterm birth but a combination of tests, particularly biomarkers and cervical length, is likely to improve prediction and clinical utility (summarised in Table 1 ). The population tested, i.e. symptomatic or asymptomatic, will also determine which test performs best. As our research community focuses more on understanding the different aetiologies and mechanisms of preterm birth, our knowledge of how to best predict preterm birth in these different scenarios will also evolve.
Practice points
• Many predictive tests for preterm birth are available clinically.
• Efficacy of these tests are likely to depend on the purpose of the prediction, i.e. asymptomatic high-risk women or symptomatic women in threatened preterm labour.
• The best predictive tests in singleton and multiple pregnancies are likely to differ.
• A combination of cervical length and biomarkers is likely to improve predictive efficacy of preterm birth.
Research directions
• Studies comparing a combination of predictive tests.
• Larger studies for assessing predictive test efficacy.
• Development of novel markers that can direct prophylactic intervention.
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